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Abstract
We present a cavity piezo-optomechanical system where microwave and optical degrees of freedom
are coupled through an ultra-high frequency mechanical resonator. By utilizing the coherence
among the three interacting modes, we demonstrate optical amplification, coherent absorption and
a more general asymmetric Fano resonance. The strong piezoelectric drive further allows access
to the large-amplitude-induced optomechanical nonlinearity, with which optical transparency at
higher harmonics through multi-phonon scattering is demonstrated.
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Cavity optomechanics is the study of the system where an optical cavity is coupled with
a mechanical resonator. It has been an active research topic over the past few decades
while many breakthroughs in experiment have emerged in recent years. Interesting clas-
sical and quantum phenomena such as regenerative mechanical oscillation [1, 2], chaotic
dynamics [3], optomechanically induced transparency (OMIT) [4–7], sideband cooling to
quantum mechanical ground state [8, 9], and squeezing of light below shot noise limit [10–
12], have been observed experimentally. A comprehensive review of the field can be found
in Ref. [13]. From a more general perspective, the optical mode used in the system is not
limited to optical photon but can also be electromagnetic resonance at relatively low fre-
quency such as the microwave mode in superconducting cavities. Recently, there has been a
rising interest of combining both optomechanics and electromechanics to realize hybrid opto-
electro-mechanical systems where optical and RF/microwave cavities are coupled through a
common mechanical resonator [14–22]. Such a hybrid system finds applications in microwave
photonics, high frequency oscillators [20] and promises to realize microwave-optical photons
interconversions [14, 21, 22], phonon-mediated electromagnetically induced absorption [23],
and entanglement between optical and microwave photons [24].
In this letter, we develop a cavity piezo-optomechanical system using aluminum nitride
(AlN) micro-disk resonator, where the optical and microwave modes are coupled to the
mechanical mode through radiation pressure and piezoelectric force. By making use of
the coherence among the three interacting modes, we demonstrate coherent absorption and
amplification, and a more general asymmetric Fano resonance which can be tuned through
the whole phase-space. With the strong piezoelectric actuation, we are able to observe
the large-amplitude-induced nonlinear optomechanical response, which allows us to further
demonstrate high-harmonics optical transparency through multi-phonon scattering.
Fig. 1 (a) shows the SEM image of the device under study. The device consists of a
suspended micro-disk resonator which supports optical and mechanical modes, and an in-
tegrated electrode connected to a transmission line which carries microwave mode. The
micro-disk resonator made of AlN has a radius of 4.4 µm and a thickness of 650 nm. A
coupling waveguide is fabricated next to the micro-disk for optical input and output. The
micro-disk is sandwiched between two integrated electrodes which are connected to a mi-
crowave transmission line. The microwave field penetrates into the micro-disk and actuate
the mechanical mode piezoelectrically.
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FIG. 1. (a) SEM image of the device showing the micro-disk resonator and the coupling waveguide
(purple), and the gold electrodes (yellow). (b) Normalized optical transmission (c) Power spectra
of the first three mechanical radial-contour modes. Insets show the finite element simulation of the
normalized radial displacement profiles. (d) Schematics of the measurement setup.
Fig. 1 (b) shows the transmission spectrum of an optical resonance, which has a double-
dip feature due to mode-splitting of the originally degenerate clockwise and counter-clockwise
modes [25]. The resonance on the shorter (longer) wavelength side has a cavity dissipation
rate of κ/2pi = 1.02 GHz (0.931 GHz). At room temperature and under atmospheric pres-
sure, we characterize the mechanical resonances by actuating the device piezoelectrically.
The measured power spectra are plotted in Fig. 1 (c). The first three mechanical radial-
contour modes are observed at 779.6 MHz, 2.040 GHz, and 3.235 GHz, which agrees well
with the results of finite element simulation. The simulated normalized radial displacement
3
profiles of the three modes are shown in the corresponding insets. The phonon dissipation
rates of the three modes are measured as γ/2pi = 202 kHz, 1.25 MHz, and 961 kHz. The mea-
sured displacement shift due to piezoelectric actuation is dR/dVdc = 4.5 fm/V, which agrees
with numerical simulation result. The actuation efficiency is relatively small compared to
other demonstrated system [16] because of the larger electrode separation used.
The piezoelectric effect in AlN naturally couples the microwave mode to the mechanical
mode by introducing an eletro-mechanical coupling energy given by Hem =
∫
(~S · e↔ · ~E)dV ,
where ~S, e↔ and ~E are the strain field, piezoelectric coupling matrix and electric field. Unlike
the capacitive force used in many electro-mechanical systems (see e.g. Refs. [5, 8]), the
piezoelectric force depends on the electric field linearly instead of quadratically [16]. The
whole system can be described by the Hamiltonian
Hˆ =~Ωoaˆ†aˆ+ ~Ωmbˆ†bˆ+ ~gomaˆ†aˆ(bˆ† + bˆ)
+ ~gem(cˆ† + cˆ)(bˆ† + bˆ)
+ i~
√
κe(aˆ
†sˆc,ine−iΩct − aˆsˆ†c,ineiΩct)
+ i~
√
κe(aˆ
†sˆp,ine−iΩpt − aˆsˆ†p,ineiΩpt) ,
(1)
where aˆ, bˆ, and cˆ are the annihilation operators of the optical, mechanical, and microwave
modes. The third and the fourth term describe the opto-mechanical and electro-mechanical
coupling characterized by the coupling rates gom and gem. The last two terms represent
the two optical inputs used in the experiment. sˆc,in (sˆp,in) denotes the optical field of
the “control” (“probe”) light at frequency Ωc (Ωp). Detunings with respect to the optical
resonant frequency are defined as ∆c = Ωc−Ωo and ∆p = Ωp−Ωo. The output field can be
obtained by sˆout = sˆin −√κeaˆ.
We study the dynamics of the system using the measurement setup shown in Fig. 1
(d). Light from a tunable laser diode (TLD), used as the control light, is sent to the device
through an electro-optical modulator (EOM), which creates sidebands to act as the probe
light. A fiber polarization controller (FPC) is used to adjust the laser polarization. In
the electrical path, the microwave signal with adjustable amplitude and phase is sent to
the device through a transmission line. For the study of higher-harmonic interference, a
frequency divider with dividing factor N is applied to the microwave signal, which causes
the microwave frequency Ωe to be N times less than the control-probe offset frequency, i.e.,
Ωe = |Ωc − Ωp|/N . For now we first consider N = 1. The optical signal coming out from
4
the device is amplified by an erbium-doped fiber preamplifier (EDFA), filtered by an optical
bandpass filter (OBF) and then collected by a photodetector (PD). A wavelength meter is
used to calibrate the laser wavelength and a PID feedback control is used to stabilize the
laser intensity.
We blue-detune the control light with respect to the optical resonance on the shorter
wavelength side by a frequency of the third mechanical mode. This mode has a frequency
Ωm > κ and so satisfies the resolved-sideband condition. When the probe light is swept
across the optical resonance, the presence of the control light and the microwave actuation
opens a transparency window in the originally absorptive region. Fig. 2 (a) and (b) show the
transmission spectra of the probe as the microwave amplitude is varied. The transparency
window is highlighted in red color. By adjusting the phase of the microwave mode the
interaction can lead to either amplification (Fig. 2 (a)) or absorption (Fig. 2 (b)) of the probe
light. The processes are analog to the stimulated emission and absorption, as illustrated by
the energy-level diagram in the upper-left insets.
The transmission coefficient of the probe light can be derived from the Hamiltonian in Eq.
(1) using input-output formalism. If the force exerting on the mechanical mode is assumed
to be dominated by the piezoelectric force, it can be shown that the probe transmission
coefficient T = sp,out/sp,in is given by
T =
κ/2− κe − i∆p
κ/2− i∆p
+
κegomgem|c|eiϕ
(κ/2− i∆p)(κ/2− i∆c)(γ/2− i∆p)
sc,in
sp,in
,
(2)
where |c| and ϕ are the amplitude and phase of the microwave mode. The first term is the
transmission coefficient of the probe in the absence of the control light or the microwave
input. Its absolute-squared value gives the typical inverted Lorentzian shape representing
the absorption due to the optical resonance. The second term is the interference term
which gives rise to the transparency window. When these two terms interfere constructively,
increasing the microwave amplitude or the control-to-probe ratio will raise the magnitude
of the second term, which will compensate the loss described in the first term, and even
amplify the probe signal with an overall gain higher than 1. Fig. 2 (a) plots the probe
transmission as a function of
√
nm/np, where nm = |2gemc/γ|2 and np = |2√κesp,in/κ|2 are
the on-resonance phonon and probe photon number. A semi-transparent plane is used to
show the level of unity transmission. The upper-right inset plots the transmission coefficient
5
FIG. 2. (a) & (b) Probe transmission plotted against |Ωc−Ωp| as
√
nm/np is varied. The left insets
show the energy level diagrams and the right insets plot the transmission coefficient in complex
plane (c) T plotted in complex plane as ϕ is varied (d) Contour plot of |T | against |Ωc − Ωp| and
ϕ (e) cross-sectional plot of (d) at various ϕ.
in complex plane, where the blue data points show the overall optical resonance while the
red data points show the zoom-in of the transparency window. Since the wide-span data
(blue) from different data-sets fall onto the same place, only one of the data-sets is plotted
for clarity. The black solid lines show the fitting by Eq. (2), taking into account the phase-
delay and attenuation background in the measurement. The area with magnitude larger
than 1 is shaded in light grey color, indicating the amplification of the probe light. When
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the phase of the microwave mode ϕ is shifted by pi, the two terms in Eq. (2) interfere
destructively, which causes the originally absorptive region to become even more absorptive.
As shown in Fig. 2 (b), absorption extinction down to 30 dB is achieved while the original
cavity absorption extinction is about 3 dB. In this case, the two resonance circles align in
opposite direction, as shown in the complex plot in the upper-right inset. At large
√
nm/np
the resonance circle goes beyond the origin causing the group-delay of the probe light to
change from negative (advanced light) to positive (slowed light). Slowed light with delay of
0.76 µs and transmission of 20% is achieved in room temperature.
Besides setting the phase of the microwave mode ϕ to 0 or pi, ϕ can be tuned continuously
from 0 to 2pi causing the two resonance circles to rotate with respect to each other, as shown
in Fig. 2 (c). As a result, the probe transmission becomes neither a peak nor a dip but a
more general asymmetric Fano shape. A contour plot of the probe transmission as a function
of |Ωc − Ωp| and ϕ is shown in Fig. 2 (d), and its cross-sectional plots at different ϕ are
shown in Fig. 2 (e). With the control of the microwave phase, we are able to tune the Fano
resonance through the whole phase-space. Asymmetric Fano resonance is widely observed in
many branches of physics (See e.g. Refs. [26, 27]), and is also studied recently in the context
of optomechanical systems [28]. It is a manifestation of interference between a continuum
and a discrete excitation modes [29]. Here, the broader optical resonance takes the role of
the continuum mode.
Compared to the traditional OMIT where the mechanical actuation is from the optical
force, here the actuation is provided by the piezoelectric force of the microwave mode [16].
Because of the stronger electrical drive, the transparency phenomenon can be observed with
less stringent condition. From Eq. (2), it can be shown that the condition for complete
transparency is given by
√
nm/np(2G/κ) ≥ 1, where G = √ncgom is the modified optome-
chanical coupling rate. For comparison, condition for the traditional OMIT is 4G2/κγ & 1.
Here, the effect can be enhanced by increasing the phonon number with coherent microwave
drive.
The strong piezoelectric interaction between the microwave and the mechanical mode also
facilitates the study of nonlinear dynamics in the optomechanical system. By performing
the polaron transformation Hˆ ′ = eSˆHˆe−Sˆ where Sˆ = 1
Ωm
[gomaˆ
†aˆ+gem(cˆ†+ cˆ)](bˆ†− bˆ) [30, 31],
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FIG. 3. (a) Schematic illustrating the interaction between the control and probe light through
multi-phonon scattering. (b) Driven response under weak (blue) and strong (red) microwave drive
plotted against frequency. (c) Same data in (b) plotted in complex plane. Data with weak drive
(blue) is magnified by 4 times. (d) Transmission spectra of the probe when ∆c is at integral
multiple of the mechanical resonance frequency.
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the Hamiltonian in Eq. (1) becomes
Hˆ ′ =~Ωoaˆ†aˆ+ ~Ωmbˆ†bˆ− ~
Ωm
[gomaˆ
†aˆ+ gem(cˆ† + cˆ)]2
+ i~
√
κeaˆ
†sˆc,ine−iΩcte
gom
Ωm
(bˆ†−bˆ) + h.c.
+ i~
√
κeaˆ
†sˆp,ine−iΩpte
gom
Ωm
(bˆ†−bˆ) + h.c. .
(3)
When the control light is blue-detuned at ∆c = NΩm, using rotating wave approximation
we can obtain the higher order interaction term proportional to (gom
Ωm
)N aˆ†bˆ†N + h.c., which
describes the multi-phonon process as illustrated in the schematic in Fig. 3 (a). This non-
linear interaction term in the Hamiltonian is the key for generating nonclassical states and
it leads to high harmonic OMIT in optomechanical systems [32, 33]. Such high-order inter-
action may also lead to coherent multi-boson generation, which can be used to dynamically
stabilize the protected cat-qubit encoding [34]. However, the prefactor (gom/Ωm)
N is rapidly
decaying with N unless the system is close to the single-photon strong-coupling regime with
gom > Ωm [30], which is out of reach with the current state-of-the-art. A detail analysis for
the case N = 2 shows that the effect is observable when gom is within a small fraction of Ωm
and κ [32, 33]. However higher order interaction with N > 2 is still inaccessible.
Nevertheless, by utilizing the strong microwave actuation to drive the mechanical res-
onator into coherent motion, we are able to observe similar nonlinear effect. When the
mechanical resonator is in coherent oscillation, we can take i(bˆ†− bˆ) = 2|b| sin(Ωmt+θ). The
translation operator exp[gom
Ωm
(bˆ† − bˆ)] in Eq. (3) can then be expressed in terms of Bessel
functions using Jacobi-Anger expansion. As a result, at ∆c = NΩm and under rotating
wave approximation, the N -th order term has a dependence of JN(x˜), which is the Bessel
function of the first kind with index N and the argument is given by x˜ = 2|b|gom/Ωm. When
x˜ N , the Bessel function can be approximated as JN(x˜) ≈ (x˜/2)N/N !, and so it recovers
the (gom/Ωm)
N scaling. This approximation breaks down when x˜ & N . Therefore by driv-
ing the mechanical resonator to large coherent amplitude |b| ≈ NΩm/2gom, the high order
nonlinear interaction becomes observable.
A signature of this large-amplitude-induced nonlinearity can be observed from the me-
chanical driven response. When only one laser is used to probe the mechanical motion, it
can be shown from the transformed Hamiltonian in Eq. 3 (or using the approach adopted
in Refs. [35, 36]) that the detected driven signal is ∝ (∑n Jn(x˜)Jn+1(x˜)/x˜K∗nKn+1)|b|eiθ,
where Kn = 1 − i(∆ + nΩ)2/κ). When x˜  1, the summation term becomes independent
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of x˜ and so the detected signal is linear to the displacement |b|eiθ. When x˜ > 1, the driven
response becomes amplitude dependent. Fig. 3 (b) plots the driven response of the 1st
mechanical mode under weak (blue) and strong (red) drive. Fig. 3 (c) plots the same data
in complex plane with the weak-drive data magnified by 4 times. A deviation from the
Lorentzian shape (or circular trajectory in complex plane) under strong drive can be clearly
observed. The black solid lines are the fitted curves using the full expression, with gom/Ω
and ∆/Ω as the fitting parameters. From the fitting, it can be deduced that x˜ = 1.71 is
reached in the strong-drive data.
To demonstrate optical transparency at higher harmonics using this nonlinear effect, we
insert a frequency divider to the microwave path (See Fig. 1 (d)) so that the frequency offset
between the probe and control |Ωp−Ωc| is N times the microwave frequency. The detuning
of the control laser is fixed at ∆c = NΩm. Using the Bessel function expansion as described
above, it can be shown that the probe transmission coefficient is given by
T =
κ/2− J20 (x˜)κe − i∆p
κ/2− i∆p +
κeJ0(x˜)JN(x˜)e
iNϕ
κ/2− i∆p
sc,in
sp,in
. (4)
The first term is the probe transmission in the absence of the control light. The interference
caused by the second term due to the multi-phonon process opens a transparency window at
N -th harmonic frequency away from the control light. In this measurement we use the first
and the second mechanical modes which have lower spring constants and so can be driven into
larger amplitude. Fig. 3 (d) shows the high-harmonic optical transparency at various ∆c and
frequency dividing factor N . For the second mechanical mode, transparency window can be
observed at the second harmonic frequency (2fm2 = 4.08GHz), while for the first mechanical
mode, transmission transparency at frequency up to eighth harmonics (8fm1 = 6.24GHz) can
be observed. This demonstration shows that the coherent microwave drive is a useful tool
for studying the nonlinear effect in optomechanical systems. Investigation of the quantum
aspect of the effect will be an interesting topic for further study.
In conclusion, we develop a hybrid opto-electro-mechanical system in which the microwave
and optical modes are coupled to a common mechanical mode. We demonstrate coherent
absorption and amplification, and the more general asymmetric Fano resonance. Using
the strong piezoelectric drive, we operate the mechanical mode in large amplitude where
high-harmonic transmission transparency through multi-phonon scattering is demonstrated.
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